Abstract: A continuous-wave Raman silicon laser using a photonic-crystal high-Q nanocavity was developed in 2013, with a cavity size of less than 10 m and an unprecedented ultralow threshold of 1 W. This report describes how this breakthrough was accomplished by adopting a unique nanocavity design.
Innumerable semiconductor electronic and optical devices support our daily lives. Because silicon, a key material for electronics, has an indirect energy bandgap which results in radiative electron-hole recombination of very low efficiency, the realization of silicon-based lasers has proved to be difficult [1] . Most semiconductor lasers consist of III-V compound semiconductors, which means that electronic and optical devices have advanced separately from each other. In order to manipulate not only electrons but also photons using silicon-based materials, various silicon photonic devices with excellent properties have been developed, such as low-loss waveguides [2] , wavelength filters [3] , modulators [4] , and optical receivers [5] . Silicon photonic chips integrating these components have also been demonstrated [6] , [7] . Therefore, the realization of practical silicon lasers will be a powerful booster for silicon photonics. So far, an optically-pumped Raman silicon laser is the only bulk silicon laser capable of room-temperature continuous-wave (cw) operation [8] .
Stimulated Raman scattering (SRS) was first observed in organic liquids in 1962 [9] , and since then, many types of Raman lasers have been realized, a successful example of which is the Raman fiber laser [10] . The observation of SRS in silicon was first reported in 1970 [11] , and many studies have revealed the large Raman gain coefficient of crystalline silicon. In the early 2000's, silicon rib waveguides fabricated on silicon-on-insulator (SOI) substrates attracted much attention due to their tight light confinement, which can enhance nonlinear optical effects [12] . Consequently, Raman silicon lasers using rib waveguides were intensively studied [13] [14] [15] , and cw laser operation was reported in 2005 [16] . Although this laser require the optical pumping instead of current injection, it allows all-bulk silicon laser without rare-earth dopants and the operation in a wide wavelength range including the mid-infrared [17] [18] [19] . However, these lasers need the assistance of reverse-biased p-i-n diodes in order to remove the free carriers generated by two-photon absorption (TPA), and they have thresholds as high as 20 mW, even when a high-quality (Q) ring-cavity structure on the centimeter-scale is used [20] . Although use of some high-Q cavities with small volumes has been attempted [21] , efforts to miniaturize them to micrometer dimensions and reduce the threshold to microwatt power were not successful. However, a design using a photonic crystal heterostructure nanocavity shown in Fig. 1 (a) exhibits cw lasing with an ultralow threshold of 1 W without any p-i-n diode [22] .
A Raman silicon laser requires two resonant modes to confine the pump light and the Stokes Raman-scattered light, which are, respectively referred to as the pump mode and the Stokes mode in this paper. To achieve low-threshold lasing, these modes have to possess several properties. First, the Q values should be as high as possible. It has been numerically shown that a value at least as high as about 100, 000 could be required for the Stokes mode even in nanocavities [21] , [23] . Second, the frequency spacing between the modes ðf p À f S Þ should be exactly matched to the silicon Raman shift of 15.60 THz. Fig. 1 (b) presents a composite diagram of normal pictures of Raman scattering and the silicon electronic band. Third, high modal overlap of their electric fields for achieving efficient SRS is an influential factor, where the Raman tensor of silicon and the crystallographic direction in which the cavity is formed are taken into account. It has been challenging to satisfy these requirements in a small cavity. Furthermore, Raman spectroscopy is difficult due to the small cavity sizes and the near-infrared wavelengths. The first observation of the enhanced spontaneous Raman emission from the nanocavities was reported in 2011 [24] . Fig. 1(a) shows a schematic diagram of a heterostructure nanocavity used for demonstrating Raman lasing. The photonic crystal consists of a triangular lattice of circular air holes with radii of 130 nm, formed in a suspended 220 nm-thick silicon slab. The heterostructure nanocavity is formed from a line-defect waveguide having a small increase in the lattice constant in short sections of the waveguide: a 1 ¼ 410 nm, a 2 ¼ 415 nm, and a 3 ¼ 420 nm [25] . The frequencies of the two propagation bands formed within the photonic bandgap are lowered in these sections, resulting in the formation of nanocavity modes due to optical confinement by the modegap barrier. Because the 1st nanocavity mode has realized the highest Q values for nanocavities [25] [26] [27] [28] [29] , which now reaches to 9 million [30] , it is obvious that the 1st nanocavity mode is the most suitable for the Stokes mode. On the other hand, it is unknown what mode is most suitable for the pump mode. Normally, higher-order modes originating from the 1st propagation band are selected since the electric fields have the same modal symmetries as that for the 1st nanocavity mode [21] , [23] , [31] . However, the higher-order modes have Q factors less than 10, 000 and cannot obtain sufficient overlap with the 1st nanocavity mode for cw lasing [32] .
The 2nd nanocavity mode originating from the 2nd propagation band is the most preferable pump mode, though it has inverse modal symmetry to the 1st nanocavity mode. First, the Q factor of this mode can be higher than 100, 000 in heterostructure nanocavities, which should be sufficient for a lasing threshold of a few microwatts. Second, the frequency spacing between these nanocavity modes is close to 15.6 THz when the lattice constant a 1 is set for operation in the telecommunication band between 1.30 and 1.60 m ða 1 ¼ 350 À 420 nmÞ. Furthermore, the frequency spacing between these modes can be tuned by changing the air hole radius. This is because the electric field distributions of the two modes are fundamentally different due to the different propagation bands. Third, this design is also superior in terms of overlap for SRS when the device is fabricated along the [100] crystalline direction on a (001) SOI substrate. Since the projection of the electron pair bonds onto the (001) plane align along [110] and [-110 ], as shown in Fig. 1(c) , the polarizations of the pump photons and the Raman-scattered photons are orthogonal to each other in the x À y plane when the cavity is fabricated along [100] . Therefore, the opposite symmetry between the 1st and 2nd nanocavity modes is not a demerit. Usually, SOI-based photonic devices are fabricated along [110] or equivalent directions because the wafer is easily cleaved along [110] . However, theoretical studies have clarified that the equation for the Raman gain involves a negative term in the cavity along [110] [33] . In short, this unique design is superior in terms of all of the aspects that are important for enhancing the Raman gain [22] . In addition, holey structure of nanocavity could be useful for reducing the free carrier lifetime, which decrease the loss by TPA-induced free carrier absorption (FCA) [14] . Fig. 1(d) shows a scanning electron microscope (SEM) image of a fabricated device where the outline of Raman laser operation is superimposed. Three line defects are formed in the [100] direction. The central line defect is the heterostructure nanocavity, and the upper and lower line defects are waveguides used to pump the 2nd nanocavity mode and to extract Raman-laser light from the 1st nanocavity mode, respectively. The cavity length is about 10 m, and the device footprint is 10, 000-times smaller than in earlier rib-waveguide Raman lasers [16] , [20] . It is noted that no p-i-n diode for reducing the TPA-induced FCA was incorporated. We fabricated a lot of samples with different air hole radii close to 130 nm. As a result, we easily found the desired sample with a frequency spacing of 15.60-15.61 THz and sufficiently high-Q values, and successfully observed cw Raman lasing at a threshold of 1 W. This threshold is 20, 000-times smaller than that previously reported for a ring-cavity Raman silicon laser [20] and is also smaller than the values predicted by numerical studies [21] . The device parameters in this sample were designed so that Raman laser emission was emitted mainly in the direction vertical to the slab rather than in the extraction waveguide direction. This configuration is convenient for measuring the weak Raman scattering spectra and enabled us to estimate the maximum output power and the laser efficiency as being about 100 nW and 4%, respectively. It is important for future practical applications to increase the output power from the extraction waveguide.
The ability to achieve ultralow-threshold cw lasing without any p-i-n diode is a consequence of the fact that the design shown in Fig. 1 produces net Raman gain in the low excitation range before TPAinduced FCA becomes dominant. Because Raman gain has a linear dependence on pump power, whereas TPA-induced FCA has a super-linear dependence, the Raman gain can exceed losses in the low pump region by decreasing the cavity loss for Stokes light due to the high-Q factor and increasing the overlap for SRS. There is potential for further performance enhancements: reducing the threshold pump power, increasing the output power and laser efficiency, and extending the operating wavelength range. Other Raman amplification devices based on photonic crystals will also become possible by using the design strategy shown in Fig. 1 . We believe that this breakthrough will stimulate silicon photonics research in a number of areas. For example, hybrid integration of the silicon Raman devices with germanium or III-V compound semiconductor lasers on silicon substrate is interesting [34] [35] [36] . Recently, enhanced luminescence from silicon nanocavities have been reported through the various methods such as phonon-assisted band-edge emission [37] , [38] , embedded self-assembled Ge quantum dots [39] , and optically active defects created by hydrogen plasma treatment [40] . These emitters might be also used for pump light sources of nanocavity Raman lasers, and finally Raman silicon laser chips without external pump sources could be realized in the future.
